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A b s t r a c t . WC study tllcallisotro]Jyo  flnagl]ctj  cflucfuatic)lls  lncasured  by the

lJlysses  s] Jacccraft  jll tllefmt  solar  willdfrolll  thcsouth  polar I1oIc.  ‘1’hcfluctuaticms

ill tl]c  range M wccll 1 min allcl half-  ar]-hour  are coI Isiderecl. ‘J’llcsc  fluctuatio]ls  are

believed  to be associated wjth a turbulent cascade of energy. WC i]ivestigated  several

i]ltervals  wllell tl~e spacecraft measurements sampled the solar wirid alolig  the mean

magnetic field. l’hese  intervals are compared with others during which the spacecraft

sampled the solar wind ill  the direction perpendicular to the lrlea]l  lnagnetic  field.  We

IIave also studied several examp]cs  of turtrulellcc  within CMES observed try lJlysses  at

large latitudes. Altl)ough all anisotropy  is detected, the a.nisotlopy  is fou]ld  to be weak

compamd  wjt]l tllc al)isotropy  of the solar wind fluctuations i]) tllc  ecliptic plalm  or the

arlisotropy  of tl]c laboratory hfl IID plasma, ~’}ie  mai]i  cause of the diflcrencc is the large

amplitude of fluctua,tiolls  relative to the rneall  magnetic  field. ‘1’lle results are discussed

i]) relation  to h!] 11) models of anisotropic  turbulent.c.



. .

Introduction

Solar wi]ld f luctuat ions are collsidmx.1  to bc co]] Iposcd  of ~riagllctollydrodj’llalnic

waves,  )naillly Alfv6n waves  [for a review see ltokris  and L’oldsi(  illj 1991; arid ~fa~sc}~j

1991 ]. According to both theoretical and observatiolltd  cviclmicc, t IW interaction bctwccn

tl]csc  waves  results i]) a turbulent cascade oIl small scales. l]i early studies, as a rule,

the turbulence was treated as isotropic. The presence of a large- scale illterplaneiary

lnagllciic  field ill tile solar wind, however, distinguishes a direction, hence this turbulence

is )lot expected to bc isotropic. II]deccl, Maithacws c i al. [1990] demonstra,tcd,  using

ISIW3 data, that  the turbulence in ihc ecliptic -pIallc  llear 1 All is arlisotropic.  Recently

Afatthaeus  ci al., [1 994] and Bici!mr et al., [1 995] found that lnagllctic  fluctuations

obscrvccl  by the l~elios  spacecraft ill the c!cliptic  plaI ie can be fit with a lllOde] in which

the fluctuations co]lsist of 85% two- dilncmsiolla]  wave  turbu]cncc  dcdoped  ill the plane

pcrpcndicu]ar  to the lnean magnetic field, al]d 15% wave turbulence with the waves

propagating along  the mean field.

A]lisotropic  turbulence was first studied in laboratory plasmas. l’la.sma  turbulence

i]) pillc}lcs arid tokamaks  is highly anisotropic  due io the ilnposccl  strong ]nag]letic fields

[see for example lto~inso,l  and RusJridgc,  1971]. Tl,e correlation lc]@h perpendicular

to the lnagllctic  field is much shorter than that parallel to the field.

111 agreement with  laboratory research and solar  wi]lcl  observations ill the ecliptic

plarw,  numerical simula.tiolls  of Ml]])  in the prcscll  ce of an cx[ernal d.c. magnetic

field show the dcvc]opment  of allisotropic  turbule]lce from initially  isotropic turbulence

[S’hcbalin  ci al., 1983 ;  Chghion  et al., 1994]. Space studies al c of special importance

because  hig]l magl]ctic Rey]lolds  number MII1)  tul bulcnce  callllot  lx produced in

t}lc  laboratory, and it is

turbulcllcc  ]Iulllcrically.

l{cccnlt  ly theoretical

k]) ]nadc  by ~0/dWk:h

dificult  to simulate high lnaglletic  l{eyllolds  number MIID

stuclics  of M 111) turbulence  ill  all astl opllysical  co]ltext  lmve

and .~?’idhur., [1995].  ‘1’hmc aut],ors  (O]*IC t o  the col,clusio~,



that tllc well k] Iow’11 tlIcory  of isotropic, Ml]])  turbulcl]cctlJat  preclicis  k-3/2  spcctruln

[lTos/LT/ikou,  1 W; l{raic/LtIun, 1 965] is i*,corrcct. A  clisagrcc]l]ellt  wit]} solne  basic

aspects  of the Goldrcich aucl Srjdhar  work has already beeJJ recorded [fi40ntgomcry  and

A4atthacus,  1 (KM]. Ill the present paper (see  also Rtizmaikin  ef d, [1995]) we show that

isotropic. Ml] I) theory is a good approximation under co)lditiolls  ~vl] ich are valid in the

solar wind  from the polar hole.

III this paper wc study fluctuations in the solar wind froln  the south polar hole at

high latitudes as lneasured  by the Ulysses magncto]lleter. ‘1’0 look for the anisotropy

wc cm Istruct power  spectra and correlation function$  for periods  whm] data were taken

alol)g tllc large-scale ]nagl~etic.  field allcl  periods whe)l data were  taken in the direction

pcrpmldicular  (or IIcar perpendicular) to the field. We compare our  obscrvationa]  results

with Ml] 1) lnodcls  predicting the form of spectra and the degree  of anisotropy.

lllysscs  data taken ill  IJigh-speed  wind froln the polar hole (rclaiivcly  u]ldisturbed

by Ch411s wld  similar events) provide a unique tool for studyintj  M 111) turbulence.

‘1’llc hig]l solar latitudinal position of the spacecraft allows t}lc  stucly of turbulence

iu regions  of t}le solar wind different from i}lose studied by other sj)acccraft. The

lJlysses  experiment [l)a/ogh ci al., 1992; ~)ame  ef al., 1992; ~. 1,, l’hdlips  ef al., 1995] is

supplyil]g  us with cxccdlcnlt data on all impor

Theoretical Background

ant and fulldamcmtal  physical  problem.

‘1’urbulcl]ce  is comTnoIlly  characterized by two spatial scales: a la~ge scale at which

tllc energy is input,  and a small scale at which  the <mergy is dissi~~ated[Mo?  /.in. and

}’aglom,  1 975]. The interval  bet wcell these scales, called the inertial  range, is self-

simi]ar i.e. l)as ]JO preferred scale,

tllc spcctruln  follows a power-law.

l’his  self-s  jlnilariij  of the illmtial rwlge implies that

The self-silni]ar solutions exist  fit least ill the limit of
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al] ideal illc.oll~JjIcssil~lc  fluid clcxcrilxd  by the equat,i<ms

wllcrc v is the velocity field,  b is the ]nagnetic field IIormalizcd by the factor (4zp)112,  p

is tllc dc]lsity,  and  p is tile pressure. These ccluatiolls  are invariant under the isotropic

scaling t,ransformatio]ls:

wllcrc J > 0 is all arLitraTy  consiant. Transformations of t}le  type presented ill (3) have

bccvl discussed earlier for t}lc  IIydrodynamic  case [Ihischj  1983], Tllc exponent h can

lx dcfillcd  Ly pllysica]  c.onclitions. ‘1’he condition commonly used, originally proposed

for llydrodyna.rnics  by Kollnogorov,  [1941] is that  tllc rate of energy transfer be scale

is il]dcyx]]dcl]t  of k. IIcre Tl< = 1 /kv~  is the characteristic tinlc for energy trallsfcr.  This

cmlditiml ilnl]wdiatcly  resul ts  ill tllc Kolmogorov  slmctrulrl h =. 1 /3, or k-5i3  for the

O1]c-clil~lcllsioJlal  spcctrun]

/

~+ dk
E(k’)dk a v;. (5)

k

WIICII ill additiou  to the ral]dom velocity field there is a uniform velocity, such as

the solar wil)d vclocitj’  lt~wJ, the invariance (3) is still  valid ill t}lc  coordinate system co-

lnovillg  wit]] tllc wi]ld. In colltrast, the addition of a uniform magnetic field breaks  the

invaria]lc.c  [Kraichnan,  1 965].

1]1 tl)c  limit whcIl tllc uniforln  magl]etic  field  is weak c.olnparccl  with the f luctuat ing

field (ill the entire illcrtial intmwd  or at least for slnall  k), the i)lvariant solutions (3)

still exist, }Iowcvcr the Kolmogorov  cxponeni  ]10 lo~lger  pertains,  ‘J’llis  case is referred to
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as ‘%trong tulbulellcc’). ‘I’l]etLI]bulc]IccI  ]ow’ llastllcf orlllofi  lltclactillgra  lldoll]  pl]asccl

A] fvc’n] w’a\~es~JIcJpagatiIIg  i]] tlleIIlag]]eticf icld LO a s s o c i a t e d  wi~l] tile largest  scale ko

oftl)c  cascade. III addition to the characteristic time 7x, t}]e decorrclatioll  timeof the

waves  ~a = 1 /LbO Inust  lx colisidered. The charactcn  istic time deterlni?!illg  the rate of

cllcrgy  cascade call bc estimated from the following IJhysica] considerations [Ii-raichnanj

1 9 6 5 ;  l~o~rou)olny  ci al., 1980]. Accorcling  to Eq.  (1) the variatic)]i ill ampli tude of  a

give]] fluctuation b~ due to the nonlinear inkracliol]  is 6bk w kb~7,. After ~ incoherent

illtcractiolls  the alnp]itudc  is ~)j2fbk. ‘]’hus  it takes (~ /khk)2~Q- 2 =- (~A”/~.)2  in t e rac t ions
●

to produce a variation co] nparab]e to the initial arn~)litude.  The c.orrespo]lding  ti~nc for

tllc IIollli]lcar  illtlcra,ction is Tr, == (T/~o)T~<-.  Subst i tut ing this till”lc,  instead of TIir, intO

(4) results ill tile spectruln  k - 3/2 illstcad  of the Kohilogorov  spectruln.

Assuming  that above reasoning is based oJi 3-wave resonant  interactions Coldreich

and Sridharj  [ 1995] claim that  this interaction car] ies no e]lergy;  consequently  the

l{raicllliall  tllcory is i)lcorrcct.  A40nigomcry and  f14althacus, [1 995] have sl)own,  however,

that this claim is based on a semantic pitfall, and t Ile triad intel  actions always  carry

an e]lcrgy. It is worth lloti~lg  also ihat  A’raichnan,  [1 965] did JJOI  consider any specific

iypc of il]tcractioll. Ch]ly  dilncllsiollless  argmncnts  l)avc bcw]l used.  We show ill this

pa~mr, [see also ltuznzaikin et al., 1 995; ]Iorbury  et al., 1 995], tl]ai ill the regions of the

solar wil]d wl)crc  tllc magl]etic  field fluctuations arc stronger  tlla]l tl]e  mean field, the

turbulellce  call lx approxilnat,ed  as isotropic.

Note that in tile solar wind, in addition  to the energy, there is another inthgral,

tllc so called cross-l] e]icity  2 J vbd3x. Because of tllc Alfv6n wwvc relation v = +b,

tl]c  sc.alc illvariallcc  of the cross-helicity  iecluces  to the same condition  as follows

froll~ tllc cl]crgy  scale  il]variallcc. T]ms no extra condition on 11 appears. lIowevcr,

a. IIo]l-zero cross- llelic.ity mduccs  the strength of th( nolililleal il]teractions  w’hich are

due to “collisiolls”  of }va,vcs  wit]) the opposite sign of cross-llelicity  [Kraichnan,  1965;

l)obromolny e{ al., 19S0].



III LIIC otlm lilnitil]g  case, \VheII  tl]c  Jncan  ]naguetic  f ield l; is stronger  t h a n

tllc fluctuatil]g  field ( ‘(wcali  t u r b u l e n c e ’) ), scaling ill~’ariance CX31) 1X mcovcred if one

aballdo]ls  t,lle rcquire]ncnlt  of isotropy. Let Vk and b~ be the amplitude of the veloci ty

and magnetic field perturbations respectively. These  perturb  aticn]s  arc perpendicular

t,o H and arc dcqm]dcnt  on spat ial  scales pal allel  (k ll 1 ) ancl  pcrpcndicu]ar  (kjl ) to B.

To check tl)c  invariant properties of Eqs. (1, 2) we replace than by order of magnitude

cxpmssiolls. l~or example, instead of Eq. (1) we use

bhk
(X r]kllVk +- bkkl  Vk (6)

7A

w~lc!re  TA u ] /k’11]) is IIOW the smallest c]laracteristic  time. ‘1’l)c il!variance (3) is

‘1’he ilIllncdiate  consequence of this invariance is some degree of allisotropy.  The

spect,ruln  of fluctuations has the form

A-II M Iq-h, (8)

hk w kp (9)

Ch]ly scalil}g  mwlipulations  IIavc been used to this ]Joint. No physics has been involved.

l,ct us turn to physics to detcrlnille  the exponent  h.

l’l)c  first term on tllc right  hand side of ltq. (6) describes tile propagation]] of Alfv6n

waves  along  tile  large sczLle magnetic field. ‘1’he second term rcfcn-s to t}lc  rlolllinear

intcractiolls  Wwce]l tile  waves which  drive the tuTbulent  cascade. From the physical

poi]lt  of view, the illterac.tion  is carried out by ‘(CO1l isions” of oppositely directed A]fv+n

waves [K?wich?um,  1965]. III order to have a co]]sistent  picture of the Alfv& wave

cascwlc, tl]csc  two tcmns  are expected to be equallj’  i)nportalltl  i.e.



l’ut  diffcrwltly,  if this collditioli  is valid it i]np]ies  tl)t approxilnate  equality of tllc tllrec

c])a,ra,c,tcyjstic.  tjIJ]es ~1 = 1 /k.L Vk , TA a.]]d  T; /T A. ‘1’IIc t}liI  d time ddilles  the rate of

Ilonlilicar trarlsformatio~]  cjf energy from scale  k to scale 2k. Also duc  to t}lis cond i t i on

(6L~)2 is of tile sa]ne  order as b~z. The rate of cllergy  transfer ill the cascade talieS the

wry silnp]c  forln

(11)
‘1A

‘J’]]is  gives h = 1 /3. 1’lIc anisohopization  of Mll]) turbulence by this type of mechanism

w a s  studied  Ilulncrical]y  by  .9A  cbrdi71  d al,, [1 983]. ‘1’he anisoiropic  spectrum h = 1/3 is

discussed i]] all astrophysical context by  Goldreich  and Sridhar, [ 1 W].

1 )
0 csta.blish  a corrcs~~onc{ence  bctwecll the theory  and obscrf’ations  we have to take

into  accou]lt  that spacecraft data are obtained as a time series  at a given spatial point.

however, tllcy  reflect tllc spatial distribution of the ~ields ill so f~T as fluctuations earl be

collsidcrcd  as hcil]g  frozcll  into the supersonic solar wind; that is, the Taylor hypothesis

}lolds  [fi4aiihacz/s  and  Goldstein,  1982]. In practice, instead of the ]’ouricr  arnp]itudes,

tllc oIlc-dilncllsiollal  spectrum (5) is always used. In the a]lisotropic.  situation we

earl dcfillc  t]lc olle-dil~-]cl)sio])a]  spectrum as follows: (a) for lr]casurcnmnts  taken ill a

dircctioll  pcrpwldicu]ar  B

El m -~ m k~”=f’- ]
k~

(12)

for  IIlcasurclnc]lts  take]]  ill a direction  alo]ig B

tll(!

tllc!

-(l+h) ~ ~-s%
Ell Cx $ Cx kl II (13)

~~ 5/3 –4/3 ~ ~i2.and  ~~11 cx kl ‘1’his ‘“wcali  turbulel)ce”  result

turbulc]lcc”  result discussed above.

in tl)is clisc.ussiol]  wc have ~lot used Lhe terminology of tllc specific models such as

2-1) a)id slab ]Ilodels  wllicll assume that  waves propagate oIlly along or o)ily across

IIleall lnag]lclic  field (for details  see review Malihaerfs  ci al. [1 994] wit]] references



Llicreill).  WC llavc  just, r e fe r red  to a silnple  i so t rop ic  approxirnatiml  arid an extreme

wlisotropic  case. Soltlcof  tllcrlleasuresof  anisotropy  calculated below  call,  however, be

used  for testing  these models.

IL is worth  while  to discuss the problem of the kind of measure that  can be used

for the spccificatiol]  of anisotropy  in observational studies. f.) bservaiiollal]y,  wc have a

time series of tllc three compone]lts  of the magnetic field. ‘1’hc idea, first used by Sari

and  vuUcy,  [1 976] ill their study of tllc Pioneer 6 data, is to construct power spectra,

a.lld corrclatiml  fullct,  ions for perjods  when tl]c  data were takcnl along  the large-scale

ma.g]lctic  field and for periods w]len  the data were taken in the direction perpendicular

to the large scale lnagl)ciic field. (Data always are taken along tlie heliospheric  radial

direc.tiol) bccausc t,hc solar wind  velocity is cxsentia]l  y radial. ) More generally, the

statistical properties of fluctuations are expected to be dependent on the a]lgle between

tlic  lncall  field and  direction ill which the spacecraft takes the data.. ‘l’his more general

a.pproacll  was used by Maithu cus ci! a). [1 990] ill their study of 15 min-averagcxi  of ISF,E

3 magllctic.  field data.

l]] this paper  wc restrict ourselves mainly to the study of peliods  when the mean

magllctic.  field was ]lcmrly  parallel and nearly -perpel]dicu]ar  to tllc direction of data

acquisitiw].  lkcausc  tl]c  spaccc.raft  measures the mag]letic field ill the radial flow of

tl]c  solar wi]ld,  tile cxistellcc of such illtcrvals  depends on tllc  ang]c  between the radial

dircctioxl  and lneall lnagllctic  field. Figure 1 show’s this angle for a time period starting

froln  ,Iuly 1993 when the spacecraft WZLS at about  4.4 AU from the SUI1 and at -37.8°

IIcliolatitude  ar]d c]ldh]g  in I)ccernbcr  1994 when the spacecraft  was at 1.57 AIJ and -

44.8° heliolatitude.  There is a global trend towards a radial field as the spacecraft goes

towards tile pole, h] gclleral  accordance with the evolution of the l’arkcr spiral field. One

call also see that tile angle  fluctuates relative  to the trend c.orrcs~)onding to the Parker

field, so that  pmiods  wl]cn the daily averaged magnetic field is nearly  perpendicular  or

IIearly  ~)arallcl to the radial direction are available.



. . .

wc tl)el] i]lvcstigate tllc turlmleIIcc  inside several Ch4 Es. ‘1’lLC l]lc?LIi IIlagllctic  field i s

dcfi]led  for caclJ  tjlne  series as t}ic average over ihc whole interval co] Lsidered.  Then wc

transform the origillaJ  data jnto  a coordinate systcm in which  t}le x component is along

tile I]lcarl  field, y compolml]t  is ~Jcrpcndicular  to the JJ]ane  dcfil]cd hy the mean field and

the radial cljrection  i .c. the direction of the velocity of the solar ~vind, and z completes

tllc orthogonal  SyStlCIn.

(]) ‘J’I)c ratio of power along the large-scale magnetic field to tlie  total power in t}le

(2) 7’}lc ratio of power in the direction perpendicular to tlie plaIie  defined by the mean

lna.g]lctic  field and  the radia~ direction to the power in the other direction perpendicular

It is cxpcctcd  [lJicbcr  et al., 1995] that in tllc slab lnodc]  (w}IcJt  waves propagate only

alollg  the Incall  field) this ratio is equal to O]ie,  an d in the 2-1) (\vllell waves propagate

al]nost  pcrpclldicu]ar  to ihc lncan field) the ratio is larger than one  and that the ratio is

all iIlcrcasillg  furiction  of ihc a?lglc bctweell the mcim  field arid tllc radial dircctjo)l.

(3) ‘1’]Ic correlation  tilnc for t~le field com})oncnt  along the hwgc-scale magnetic field

m]d correlation times for tllc compoIMnts  perpendicular to tl)c  large-scale magnetic field.

T}m corrc]atioll  tilnc  T is dcfil)cd  as tllc point at w]lich  the (auto)  corrcla,tion  f u n c t i o n

for tlic corresl)olldillg  colnpollc]lt  drops by a facto] of two. ‘1’lIc correlation lcngtll

call Lc il]fcrrcd  fro]n the correlation tilnc  by multiplying by tlJv solar wind  velocity.



I t  iscxlwtcd  []]larl<citt~l~i(:bcr  cf al., 1 995] that  ill the slab JI)odcl  ~r is the shortest

corrdatiml  tiInc, and ill the 2-11 Tr is Illc  longest forrelaticnl  tirnel

(4) the spectral cxpona,ts  for mcasure,nc,]ts  made “along’ ) tllc large-scale magnetic

ficldallcl  in the “~~crl~c~ldiculal”  directions.

A&otropy of Magnetic Field Fluctuations in Undisturbed

Regions

Wc aIlalyzc  several 1 -miT1-averaged time series  for tllc  mag)lctic  field. These time

scrie arc takc]l  fro]ll t}le  data obtained bj’ Ulysses in the fmt solar wind from the south

polarholc,  ‘1’lIc spectra for these  time series are calculated with  tllc help of the structure

fLllldiOllS

S~i(T) = ((bi(i + ‘T) ‘- hi(t))’)

wlleE i = ~, y, z; ~ is a. variable time-lag, and tlie averaging; is taken over all t of

t}lc Wa set [liuzmaiki7t d a l . , 1 9 9 5 ;  llorhury et al., 1995]. Note that  S(0) = O and

S’(0+] = 2 (  [1~~ l’) [Mo7tin a?(d l’aglomj lW5]. Fc)r corrclatiol  1 analysis  we usc  t he

(au@corrclatioll  ful)ctio]ls  C(7) == ( Li(t -i ~)bi(i  ) ) wl]icll  arc s imply related to the

si, rudhre fu]lctiol):  S(7 ) = 2((L~) — C(7)). III the inertial  illtcriwl  t}le structure functions

scaleas  .$ii(~) cx ~s’t’)  ivllcrc t}lc  expollellt,  is directly related to t,hc spcctraJ  exponen t s

(li OTC~C.11  COII”l])O1lCIlt, Q1 ‘= 1 + Si(2).

!for a Gaussiall dist,ributio~l  of turbulel]t  fields, the know]cdge  of these (second-order)

strudure  fullc.tions  is  suff icient  to c.haractcrizc tile turbulcllcc  [Monin  and }’agzomj

1975J  llowcwcr, tile observed fields are i]itermittcnt,  i.e. rlowGaussian [see Fcynman

andlf!I127nn7k7z,  1994 al]d refere?]ccs  ill  that paper]  so tlla.t  tlic s tructure funct ions of

l)iglw order are ]Iecdcd. 1]1 general, the p order structure functions  scale as ~S(PJ, i.e

every st ructurc  function  IIas its owl] exponent. ‘1 ‘hese cxpolwllts  allow’ a “correction”

to tl~ s m m l d - o r d e r  spcct,ra]  cxponelit  to be foull{l  [Iiwmazli?t c1 al., 1995].  We do IIOt



.-

]nakc L})CSC corrcctio]ls ill tl~is lmper. N o t e  onl~’ that  ill the case  of a IIcmnal turbulcllt

ca,scacle (the cllcrgy  cascades froln  large scales to sln al 1 scales) t] le corrections arc alwfays

llcgativc,  i.e. t}le observed spectral exponents will lx higher tlian those  preclictcxl from

tile scco]ld-order theories.

The lJlysscs  spacecraft was well within the solal wind  frolll  tlic  south polar hole

ill late 1993. l’he solar willd  speed was consistently in the 700” to 800 km/s range.

Comprcssiol]s,  rarcfactions  an d shock waves had weakened or d isappcarcd.  There were

few corolla]  mass cjcctioris  [1’hdlips  et al.,  1995]. in bI icf, wc had a steady fast solar wind

witl]  few large-scale disturbances. These data presel  it a ullique ol)portu]lity  to study

the waves  mid turbulence ill an undisturbed wind. IIL our previous study [Ruzrnaikin  et

al., 1995;  ] ,  sce also  [Ilorbury d a/., ]995] , we found that the spectrum is seJf-similar

o]] tilnc  scales  Mwce)l 1 min and about half an hour. The corrected spectral index ill

this rcgioll  has been estimated to be consistcnlt  wit,ll  3/2. l{odvry  ei al., [1 995]  have

shcnwl that  the spectrum at lower frequencies has a spect]al  Cxpollellt  about a == 1,

al)d it is unaffected by intermittcncy,  The present study focuses o]i frequency ral]gc

corresponding to tlm  time range  between 1 min. and 16 min in which spectra have

a clear power-law forln  (1]1 some cases  this illterval can  be extclldcd  to half an hour

or lnom). WC use several 1- rein- averaged data sets from tllc lJlysses  ]nagnetomctm

[Balogh ct al., 1992]. The duration of time series used is betwecll  about OIIC and three

days. (Tl)ere arc 1440 data points in a day. ) Only those time series are selected for

w}[icll  tl]c angle  bctwcell the radial direction and rncan mag]letic field,  dctermjncd from

the curve ill l’igure 1, remains essentially unchanged.

We select  for our analysis  several ulldisi  urbed  t imc periods WIICJI  the spacecraft was

at large IIclioccniric latitudes. ‘1’he first time inbmal  covers dajs 258 and 259, 1993,

WIICII tlIc  allglc  lxtwccm  the radial dircctjom  arid m~:mi magrletic field was close to 90°

(SCC l’able 1 ), II, two other i],tervals,  days. ~? ’i’3- 274 (111 in ‘1’able 1), and  days 318-320

(I\~ i]] ~’able 1), 19$4, tl]c  InCaIJ  field was al]nost alltiparallc]  to tlJc radial direction.
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‘1’he results  for MI ilitcm’a]  (]]) writll  aII illterlncdiate  a~)glc arc prcsc]]l  ed in ‘J’able 1 .  The

ratio  of particle pressure to lnagnetic  pressure (tile plasma parameter ~) is greater than

onc for all tilnc series considered [J. L. Phillips et al., 1995].

Figure 2 shows the deviations of the magnetic field componalts  from the mean

field for tlIc  first  data set i.e. for the 258-259, 1994 interval  WIICII  data  are taken in the

direction perpendicular to the mean magnetic ficlcl  itself, Note that  the variations of the

componcrlts  of the magl~ctic  field are larger than the mean field. ‘J’here is no anisotropy

ill tl]c power measured by 6 indicating t}lat  t Jle slab model is a good approximation to

this data set.

l’hc lnagl]ctic  field data ill Figure 2 arc used to calculate il]c  autocorre]ation

functions for  cac]l coIrIpoI)cnt  (1’igure  3). The ccmclations  i]} all tl)rec c o m p o n e n t s

dccrca.sc  quite slrloothly  with lag ~ with a correlation time ill tllc direction of the

lncar) field Lci]lg intermediate  between the corrc]a.tion  times for the other components.

Figure 4 S1]OWS  tllc second-order structure functions for this data set in the self-similar

rarlgc. II] the calculation of tllc  structure fu?lctions  we use ~ : ~ 2~f2, j = 0,1,2, . . . in

tlJc ul]its  1 lnil) as the time lag. The spectral exponents for the tllrec: components are

almost equal; at least we could ]Iot clistinguisll  thcm within our accuracy +0.1.

‘1’l)c  results of calculations are presented  in ‘I%ble 1 for all data sets used. ITI the

‘1’able I Q is tllc observed slope of the power spectrum found with  a help of tile second-

ordcr  structure fu]lction. Within the accuracy of our calculatioll we could not say that

tllc  spectra] cxpollcllts  are systematically difrerent  i] L differcllt  dilcctions  or for different

angles  ~~. q’hc ratio of the  power pcrpclldicula,r  to the mca.n field to thai  a long  the

]near) field is always larg;cr  t}lall one (rl’able 1 ) in accordal)ce with the Alfv611 wave

character of t}]c turlmlcncc. ‘1’hc ratio  of the powers in two pcrl)clldicu]ar  directions is

variab]c but does I]ot show any systematic angular depeIldellcc.  If tl]e  turbulence is

hig])ly arlisotropic  the correlation time in the x-dircctio)l  }vould  be ]nuch  larger ihau in

the other dircctiolls.  This is not the case for any of the tilne series. Note that  for all



illtcrva]s  s tudied tl]c  ratio of t,hc  fluctuating  ficlcl  to l,l)c lncaII  field ~1~/1~ is large (srx

the last coluIm)  ill l’able 1). ‘1’l)is ratio is defined as tile ratio of tl]c  sum of standard

deviations for tlie  three field c.olnpol)cnts  to the mean field,

‘1’hus wc tel]d  to conclude  that tile strong  turbLllence  observed in the und i s tu rbed

solar  willcl  from tile polar  IIolc can  be described by al] isotropic approximation. Unless

there is a model capable of characterizing the anmul)t of observed  all isotropy,

I Anisotropy  of Fluctuations within CM Es

I ‘1’J]c  turbulellce  in the undisturbed polar wind is strong (6B/1~ > 1). IIowever

til~/1]  is s]nal]er in regio]]s withi]l  coroIlal mass ejections obse rved  i?l the solar wi]ld.

Altl)ough  tile fluctuations within CMES  may nave a different  nature from these in the

undisturbed wind it is nevcrtlle]ess  interesting to in~cstigate  tllc anisotropy  of these

rela.tivcly  weak fluctuations. J. Gosling has  identified Ch!Es ill the Ulysses data (private

colrllnullicatioll),  ar]d we have chosen three: of t}lcse (;h!llls  ill whic}l the ratio 6B/13 is

lCSS  t}lall  one  a])d the magnetic field fluctuations appear to lx turbuk]t.  Figures 6-8

SIIOW t}]c data,, st, ructurc  fullctiolls a~ld correlation fullctiol]s  for a CM1.  observed on

days 111-112, 1994, 1’l]c results for this and two other ChlEs arc conlpiled in ‘J’able 2.

Althoug}I  t}le fluctuations of the field are still large, tl)ey  arc slnallcn-  than the

]nca)] field lna. g]litudc.  l’he correlation function  in the first case  ill ‘j’able 2 is strongly

illflucllc.ed by structures within the Ch4E  for time lags larger than about 20 min.

q’llcrcforc  lllcarlingful  correlation times ill this case  could not lm determined. IIowcver

frolll the behavior  of tllc  correlation function  for 7 - SI nailer thaIi 20 ]nin  we fi]ld that

~. < TV < ~z. In this sellsc  the first case ill Tkble  2 is consiste]li  with the predictions of

t}le allisotropic  2- 1 ) model. II] tllc other two ca.scs tl]c ratios of the correlatio]l  tilnes  are

l]ot ill a.c.c.orda]lce  with the 2-])  model, Althoug~l  no conclusions can be derived from

I tl]csc sInall  IIulnbm  of cases, the weak MII1) turbulence witlli]l  Ch’lli+ appears to have

~ the sarnc  spectra] exponent  as tllc strong  turbulence ill  the l)olar  }villd.  ‘1’here is s o m e



. . .
J

cvidcllce  for i]lcreasml  ar)isotropy  i]] the lxnvcr  ratios Pn and  6<

Discussion

our results, wl]ile  not obtaillcd  by extenclcd statistically study, cn’idel]ce that  the

turbulc]]cc  from the polar holes is less anisotropic  than the tulbulcllcc  ill the ecliptic

plane. It is i)ltcrcstin.g  that before the launch of t}]c Ulysses Roficrts,  [1 980] using

evolutionary arguments pwdictcd  that  the polar fluctuations were likely  to be nearly

isotropic.

We do ,Iot  find  aI)y ~ssclltial  diflcrences in t,he spectral  S]OpCX for the p o w e r

calculated in different directions. We believe that the basic cause of the near isotropy is

the large Ina.gnitudc  of the fluctL~atil]g  field compared with the nleall  field (the strong

turbulcnice),  and, perhaps, the large plasma ~. In ftict,  the study  of the turbulence

illsidc  Ch41!s where the fluctuating magnetic field is relatively slnall  (turbulence is

~~,caker) suggest a,ll i)]cr~asc  of ~})e degree of allisotro])y  as ]neasured  by the power ratios

Pd arid 6.

Our results do not co]]firm the anisotropy of tllc spectrum wliich  would have been

cxpcctcd  fro]n  the t}lcoretica]  considerations by Goldwich and Sridhar, [1 995]. ‘1’he

basic. i]lcollsistcllcy  is perl]aps  IIot 5/3 for the time series lakeIl  ]mr}mndicu]ar  to the

]ncar] field but  abscl]cc  of a tcndellcy  towards t}le k~ z spectru]n  for t~]c time series taken

i]] directions  away from t}lc  perpendicular (tilne  series 111 and  I\~ i]] the Table 2). [Note

also that arl intcrlnittellcy  correction to the observccl  spectruln  illlplim  that,  tl]e  spectral

cxpo:]c)d  is WCI1  less tha]l  that  presented in Tables 1 a~ld 2. ]. Even in the weak

turbulcvlce  case our results arc somewhat consistent with isotropic approximation to the

IVllll)  iur’lmlc!llce.
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Figure Captions

Figire 1. ‘1’hc angle between the radial direction and hour] y-avcxagcd  magneticfie]d  for

the Imriod  starting day 240, 1993 and ending day 365, 1994.

Figire 2. The  magnetic field during the period 258259, 1994. The x-coordinate is along

the mean field. !l’}le rncan field and long-term linear trend are removed from the data,

Figire 3. Correlation functions for the magnetic field cornpolimlts for the time series

talicn on days 258-259, 1993.

Figire 4. Structure functions for the magnetic field components and the invariant trace

of the field obtained from the time series taken  OIL days 258–2591 1994. I’he fluctuations are

self-similar ill this time range. l’he slope gives tile spectra] cxpc)ncnt.

I&ire 5. Correlation functions for the magnetic field compone]lts  for the time series

taken in the days 318-320, 1994 (interval IV in ‘1’able 1), The  mean lnagnetic  field in this

period is almost antiparallc]  to the radial direction.

Figire 6. ‘J’he magnetic field in a CME  observed during the period 111-112, 1994. The

mean field is removed from the data for the components.

Figire 7. Correlation functions for the magnetic fic]d in the Clilt  for the time series

taken in the days 111-112, 1994.

Figire 8. Structure functions for the magnetic field components and the invariant trace

of the. field in the CME  (from the time series taken in thr days 111-112, 1994).
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Anisotropy ~{, ilm 1{.aiic) J of Powers in Two Pcr)wlldicula.r  1 )ircctions,  Correlatioll

Tixncs  ~r,y,. and Spcctml  Indices Q f o r  the h~agll~~i~  ~iclds COIYIPOIIeII~S  Thc interv~l

1 correspol]ds  to clays 258-259 ,  1993, 11 sta~lds for day 275, 199’1, 111 stands for days

273-274, 1994, and IV stands for three days interval 318--320, 199~

11 118° 1.4 1.6 19 10 16 1.7 1.6 1.6 2.5

111 175° 1.6 1.2 10 23 16 1.6 1.7 1.6 1.5

J \J 173° 1.8 1.2 10 13 32 1.6 1.6 1.6 1.4
- .—. ———.. — .——.. .-
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Table 2 . ‘1’l]c A]lgle IIctwwc]l  tl]e  liadial  IJircct,jon  a]icl Mca.]i l’ield  ~~, tl]c  I’owcr

A]Iisoiro~Jy  IL, the 1{.atio  6 of l’owers  in Two Pcrpcndicu]ar  l)ircxlions,  Correlation Times

~T,V,* and Spectral IIldices  a for the Magne t i c  I“ields C o m p o n e n t s  illside  Ch i l l s .  ‘he

interval 1 stands for days 40-41, 1994, II corresponds to days 58--59, 1994, and 111 stands

for two days i]ltcrval  111--112, 1994

-—.. — —

~)-”” 1’.” 6 Tr 7-V l-z Q’r 0, az 6B/B

1 93° 1.7

11 134° 2.6

111 134° 4

———.—.

.8 - - - 1.7 1.5 1.7 0.5

.2 10 ]9 38 1.5 1.7 1. 7 0.85

.7 7 16 10 1.5 1.7 1.6 0.7
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